The bis-(3′-5′)-cyclic dimeric guanosine monophosphate (c-di-GMP) signaling pathway regulates biofilm formation, virulence, and other processes in many bacterial species and is critical for their survival. Two classes of c-di-GMP-binding riboswitches have been discovered that bind this second messenger with high affinity and regulate diverse downstream genes, underscoring the importance of RNA receptors in this pathway. We have solved the structure of a c-di-GMP-II riboswitch, which reveals that the ligand is bound as part of a triplex formed with a pseudoknot. The structure also shows that the guanine bases of c-di-GMP are recognized through noncanonical pairings and that the phosphodiester backbone is not contacted by the RNA. Recognition is quite different from that observed in the c-di-GMP-I riboswitch, demonstrating that at least two independent solutions for RNA second messenger binding have evolved. We exploited these differences to design a c-di-GMP analog that selectively binds the c-di-GMP-II aptamer over the c-di-GMP-I RNA. There are several bacterial species that contain both types of riboswitches, and this approach holds promise as an important tool for targeting one riboswitch, and thus one gene, over another in a selective fashion.
The bis-(3′-5′)-cyclic dimeric guanosine monophosphate (c-di-GMP) signaling pathway regulates biofilm formation, virulence, and other processes in many bacterial species and is critical for their survival. Two classes of c-di-GMP-binding riboswitches have been discovered that bind this second messenger with high affinity and regulate diverse downstream genes, underscoring the importance of RNA receptors in this pathway. We have solved the structure of a c-di-GMP-II riboswitch, which reveals that the ligand is bound as part of a triplex formed with a pseudoknot. The structure also shows that the guanine bases of c-di-GMP are recognized through noncanonical pairings and that the phosphodiester backbone is not contacted by the RNA. Recognition is quite different from that observed in the c-di-GMP-I riboswitch, demonstrating that at least two independent solutions for RNA second messenger binding have evolved. We exploited these differences to design a c-di-GMP analog that selectively binds the c-di-GMP-II aptamer over the c-di-GMP-I RNA. There are several bacterial species that contain both types of riboswitches, and this approach holds promise as an important tool for targeting one riboswitch, and thus one gene, over another in a selective fashion.
T he ability of bacteria to adapt to their environment is essential for their survival. The bis-(3′-5′)-cyclic dimeric guanosine monophosphate (c-di-GMP) signaling system is one key pathway that allows bacteria to alter their behavior in response to changing environmental conditions (reviewed in refs. [1] [2] [3] [4] . Cyclicdi-GMP is a second messenger that is synthesized by diguanylate cyclases (DGCs) and degraded by specific phosphodiesterases in response to a variety of stimuli, including light, oxidative conditions, cell density, and antibiotics. Cyclic-di-GMP controls critical transitions such as the switch from a planktonic state to the formation of a biofilm (1, 2) . It also controls virulence in many pathogenic bacterial species (5, 6) .
To alter gene expression or protein activity in response to external or internal signals, c-di-GMP interacts with several proteins (1, 2, (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . In addition, two classes of RNAs have been reported that bind this second messenger, the c-di-GMP-I (class I) and c-di-GMP-II (class II) riboswitches (18, 19) . Riboswitches are noncoding RNA elements usually located in the 5′ UTR of a mRNA that regulate gene expression by selectively binding small molecules. These RNAs have a two-domain architecture, with the 5′ domain (aptamer) responsible for ligand binding. Most often, genetic regulation is achieved when ligand binding in the first domain is coupled to an RNA structural rearrangement in the second domain leading to control at the transcriptional or translation level (reviewed in refs. [20] [21] [22] .
Both class I and class II riboswitches have been shown to bind c-di-GMP and regulate gene expression (18, 19) . The affinity of these RNAs for their ligand is very high; class I riboswitches have a K d as tight as 10 pM (23) (1, 2, (9) (10) (11) (12) (13) (14) (15) (16) . Whereas a few bacteria contain examples of both classes, several species lacking a class I riboswitch use c-di-GMP for signaling and have exclusively a class II riboswitch (19) . The majority of c-di-GMP-II riboswitches are found in organisms from the bacterial class Clostridia, including the prominent pathogen Clostridium difficile, which is responsible for severe gastrointestinal infection. One of the four class II riboswitches found in C. difficile strain 630 allosterically regulates a downstream group I intron, demonstrating that these RNAs can be involved in sophisticated forms of genetic control (19) . Molecular understanding of conserved bacterial pathways, such as c-di-GMP signaling, is critical to manipulate the growth of these organisms, a particularly desirable goal in the case of pathogens like C. difficile.
We previously reported the structure and mutational analysis of the class I aptamer, showing that c-di-GMP is bound as part of a duplex (23, 24) . The second messenger binds at the junction of three helices and is recognized asymmetrically through base pairing interactions. One guanine of the ligand, G α , is contacted on the Hoogsteen face by a G of the riboswitch whereas the second guanine, G β , forms a Watson-Crick base pair with a conserved C. This base pair formed with c-di-GMP is the first of a helical stem (23) .
The predicted secondary structure of the class II riboswitch is distinct from that of class I. The class II aptamer was predicted to form three helices, a kink turn and a pseudoknot (19) . The presence of these latter two elements, as well as the positions of the helices with respect to one another, suggested that the tertiary structure of the class II riboswitch is different from the class I aptamer. Phylogenetic sequence alignments showed that the majority of the conserved nucleotides were in the pseudoknot and in the regions immediately flanking this structural element. Additionally, in-line probing analysis revealed that these are the residues that become more structured upon c-di-GMP binding (19) . Taken together these observations suggested that the pseudoknot region may have a role in ligand binding. If the class II aptamer recognizes c-di-GMP similarly to class I, we would expect that a conserved, unpaired C would be present within the secondary structure. However, there are no unpaired Cs in this RNA, suggesting that class II riboswitches recognize c-di-GMP through a different mechanism than used by class I (19) .
Given these anticipated differences in second messenger recognition, we set out to determine the crystal structure of the class II riboswitch aptamer from Clostridium acetobutylicum bound to c-di-GMP. We used this structure to design a second messenger analog that is able to discriminate between class I and class II c-di-GMP-binding RNAs.
Results and Discussion
Structure Determination and Global Architecture of the c-di-GMP-II Aptamer. We solved the structure of the aptamer domain of a class II c-di-GMP riboswitch from C. acetobutylicum at 2.5 Å resolution (Fig. 1, Fig. S1 , and Table S1 ). This riboswitch controls a gene that contains a carbohydrate binding domain along with cellulase and glycosyl hydrolase domains (19) , implying a role in carbohydrate processing. To promote crystallization and phasing, we increased the GC content of the variable region of the P1 stem and added an optimal iridium hexammine binding site into a nonconserved region of the P3 helix (26) . The RNA sequence that was amenable to structure determination contains a six base-pair P1 helix and one additional nucleotide on the 3′ end ( Fig. 1 ; see Fig. S2 for wild-type sequence). Iridium hexammine bound tightly to the engineered site in P3, as well as to several other G • U wobble pairs in the RNA. The structure was solved by single isomorphous replacement with anomalous scattering (SIRAS) phasing. In addition to binding within the RNA, c-di-GMP mediates intermolecular contacts in the crystal lattice (SI Text and Fig. S3 ). Two molecules are present in the asymmetric unit with an extensive RNA interface formed between them (Fig. S4) .
The class II aptamer folds into a compact structure with c-di-GMP bound at the junction of P1, P2, and P4 ( Fig. 1) . The predicted helices, kink turn, and pseudoknot are all present in the structure. The pseudoknot is formed from nucleotides in the loops of the P3 and P1/P2 helices and is therefore an example of an H-H-type pseudoknot, also called an intramolecular kissing hairpin (27) (28) (29) (30) . Helices P1 and P4 form a stack, with P2 at a right angle. The kink turn bends the backbone, allowing P3 to span across the RNA and connect with P4. One of the nucleotides in J3/4, A34, forms a noncanonical base pair with U45, the nucleotide at the junction of P3 and P4. This base pair stacks directly on the P4 helix and forms a base quadruple with the U31/G46 pair in P3 (Fig. S4 ). This quadruple may help facilitate the sharp bend that occurs at the P3/P4 junction (Fig. 1B) .
A triple helix is formed in the major groove of P4 by nucleotides from J2/4 as well as c-di-GMP and a residue from P4 itself ( Fig. 2 A and B) . These triples are noncanonical interactions. Many additional noncanonical interactions are observed in this RNA. Twelve out of 37 pairings are not Watson-Crick or G • U wobble pairs, with six occurring in and around the binding pocket. Several of these are made through a single hydrogen bond.
The binding pocket is composed of nucleotides from P1, P2, J2/4, and P4, although the majority of the nucleotides that directly contact c-di-GMP are from P4 (Fig. 1C) . Residues from P1 and J2/4 provide stacking contacts. P2 forms the edge of the pocket behind the phosphodiester backbone of c-di-GMP but does not directly contact the ligand.
Recognition of c-di-GMP in the Class II Aptamer. A unique feature of the pseudoknot allows the class II riboswitch to bind c-di-GMP as part of a triplex. Five noncanonical base triples are formed with P4 by nucleotides 61-63, G α , and residue 70 (Fig. 2 A and B and  Fig. S5 ). These bases form a continuous stack that extends into the P1 helix. Even though G α stacks with the other residues that form the triple helix, it is antiparallel with respect to these nucleotides. To accommodate this one antiparallel base, the c-di-GMP-II aptamer uses two RNA motifs, a U-turn and an S-turn, to insert a single base pair into P4 upside down and backward with respect to the rest of the helix (Fig. 2C, Figs. S6 and S7, and SI Text). The result is that whereas four out of the five base triple interactions are in the major groove of P4, the base triple formed between G α , U37 and A69 is a minor groove contact (Fig. S5 ). This groove reversal results because U37 is inserted into the P4 helix from P3 in an antiparallel fashion. The turn in the RNA strand that follows U37 positions G38, the next nucleotide, to form the first base pair of P4 (Fig. 2C) . The S-turn flips A69 so that it can form a Watson-Crick pair with U37 ( Fig. 2C and Fig. S7 ). This A69/U37 pair therefore presents its minor groove edge to G α (Fig. S5 ). All RNA structures in the Protein Data Bank (PDB) were examined for this feature using the program AMIGOS II (31) but no structures were found that contained a similar U-turn/ S-turn architecture. Incorporation of c-di-GMP into this triplex is a key recognition feature of the class II aptamer and is facilitated by a unique groove-reversed pseudoknot.
Specific recognition of c-di-GMP is achieved through stacking interactions as well as noncanonical pairings to the guanine bases. Three conserved adenosines stack between and on either side of c-di-GMP. A70 intercalates between the two guanine bases of the ligand whereas A13 stacks below G β and A61 stacks above G α (Fig. 3A) . Stacking is continued into the P1 helix as well as the third strand of the P4 triplex. In the few sequences where these nucleotides are not adenosines they are guanines, consistent with their role in stacking (Fig. S8) . G α forms a minor groove base triple by interacting with the sugar edge of A69 in the P4 helix. No contacts are made to the Hoogsteen face of G α (Fig. 3B) . G β is contacted on its Watson-Crick and Hoogsteen faces by RNA A B C atoms as well as a hydrated magnesium ion (Fig. 3C ). G73 forms a single hydrogen bond to the N1 of G β and the 2′-OH of A70 contacts the N7. A fully hydrated magnesium ion makes outer sphere contacts with the O6 of G β . Interestingly, no contacts are made to the phosphodiester backbone of c-di-GMP with the single exception of a hydrogen bond between the exocyclic amine of A70 and one of the nonbridging phosphate oxygens of the dinucleotide (Fig. 3A) . Previous data from in-line probing (19) , as well as the structural data presented here, show that c-di-GMP binding to the class II aptamer stabilizes the formation of the pseudoknot and triplex structures, and facilitates stacking between P1 and P4. Riboswitch sequence alignment reveals that in many cases a rho-independent terminator stem can form using the 3′ end of P1 and, in several cases (19) , the nucleotides that directly contact c-di-GMP. This provides a clear mechanism whereby ligand binding stabilizes a conformation of the RNA in which both P1 and P4 are intact, leading to genetic control.
Mutagenesis of Binding Pocket Nucleotides. To further investigate the interactions made between the class II aptamer and c-di-GMP we mutated the nucleotides that stack with and directly contact the bases of the ligand and assessed the effect on binding affinity using a native gel-shift assay (Fig. S9) . The nucleotides directly involved in c-di-GMP recognition are conserved in at least 90% of sequences (Fig. S8) . There are only three examples in which A69 is not an A. In these cases it is a guanine and there is a compensatory U to C transition at position 37, which maintains base pairing between these residues. Similarly, in only two cases is A70 variable, and in both examples it is a guanine. G73 is about 90% conserved and is usually substituted with a pyrimidine (19) .
In accordance with the high level of sequence conservation of nucleotides 69, 70, and 73, mutations at these positions caused large decreases (>25;000-fold) in c-di-GMP affinity. The interpretation is complicated however, because A69 and A70 are involved in base triples, which makes it difficult to ascribe the decreases in affinity solely to the loss of ligand contacts. Mutation of A69, the residue that interacts with G α , to a guanine caused a 90-fold loss in binding affinity. Other mutations to this base result in larger losses in affinity, with A69C not binding at all (Table 1) . All mutations to the adenosine that stacks between G α and G β eliminate c-di-GMP binding with the surprising exception of A70C that binds within twofold of the wild-type affinity (Table 1) . A cytosine at this position may be able to maintain the contact to the backbone of c-di-GMP as well as present a hydrogen bond acceptor to the C71/G39 base pair, perhaps making up for the loss in favorable stacking energy. When G73, the nucleotide that contacts G β , was mutated, G73C was the only variant that retained any binding.
Recognition Is Distinct from the Class I Riboswitch. Two classes of riboswitches have been discovered that regulate gene expression in response to the second messenger c-di-GMP. Both are important macromolecular targets in this signaling pathway. We have characterized the atomic level interactions made by each class of RNA, and in both cases, the symmetrical ligand is recognized asymmetrically by the riboswitch, but in very different ways. Both riboswitches incorporate the bases of c-di-GMP into structural elements, a duplex in class I and a triplex in class II. In class I, G β is incorporated as the first base pair of a helix and in class II G α is part of a triple helix formed with a pseudoknot. The ability of RNA to integrate c-di-GMP into stable structures may explain the high affinity of the c-di-GMP-binding riboswitches compared with protein receptors. Members of both classes of c-di-GMP-binding RNAs have picomolar affinity for their ligand (19, 23) , whereas protein receptors bind with nanomolar to micromolar affinity (1, 2, 9-16 ). Because c-di-GMP can participate in RNA structures, riboswitches seem uniquely suited to serve as high-affinity targets for this second messenger.
When comparing the binding pockets of both types of c-di-GMP-binding RNAs, we observe four distinct ways in which the guanine bases are recognized (Fig. 3 B, C, E, and F) . In class I riboswitches the interactions are Watson-Crick and Hoogsteen pairs (23) , whereas in class II no canonical pairings are present. Despite the diversity in base recognition, we observe similar stacking contacts in both classes, suggesting that these interactions are critical for binding (Fig. 3 A and D) . Additionally, the backbone recognition is quite different in both classes. In class I, contacts from both the RNA and a hydrated magnesium are observed whereas in class II, no contacts are made to the backbone with the exception of the hydrogen bond made with A70. Both Gs as well as the phosphodiester backbone are more heavily contacted in class I riboswitches than in class II. This may be reflected in the higher affinity of class I for c-di-GMP (23) . It is clear that at least two independent solutions have evolved for RNA recognition of this second messenger.
A c-di-GMP Analog Selectively Binds the Class II Riboswitch. Given the differential approaches to ligand binding we hypothesized that analogs of c-di-GMP may be able to distinguish between the two RNAs. Based on the lack of recognition of the c-di-GMP phosphodiester backbone by the class II riboswitch, we sought to design an analog that would specifically bind this RNA. Both 2′-OHs of c-di-GMP are contacted by either an RNA atom or a well coordinated solvent molecule in the c-di-GMP-I riboswitch. It appears there is insufficient space for any additional steric bulk on either 2′-OH without rearrangement of the RNA (23, 24) . However, in the c-di-GMP-II aptamer both 2′-OHs face directly into solvent. We hypothesized therefore that a 2′-O-methyl analog of c-di-GMP would target class II over class I. We synthesized this derivative and tested for binding to both class I and class II riboswitches using a competition assay.
The 2′-O-methyl analog is able to discriminate between class I and class II riboswitches (Fig. 4) . The K d of the class II complex with the 2′-O-methyl analog is 4.3 nM, which is very close to the affinity for the parental dinucleotide (2.2 nM) ( Table 2 ). The class I RNA we have used in previous studies has a very slow approach to equilibrium due to slow binding and dissociation rates (23) . Therefore, to reach equilibrium in class I we used a mutant that has an affinity equivalent to that of the class II riboswitch (24) ( Table 2 ). In an equilibrium competition assay, we found that very high concentrations of 2′-O-methyl analog (approximately 250 μM) are necessary to even partially displace c-di-GMP. We estimate the K d to be approximately 60 μM, which corresponds to at least a 30,000-fold loss of affinity relative to c-di-GMP (Table 2 ). This is a nearly 6 kcal∕mol loss in binding energy compared to the native ligand. Whereas further experiments will be necessary to determine if this differential binding can be exploited in vivo, these experiments show that the class II RNA reaches equilibrium in 1 hour for the c-di-GMP binding reaction, indicating that it may have a faster association rate constant than the class I riboswitch. If a significant difference in k on does exist, an even more pronounced difference in the concentration of analog necessary to see an effect in vivo may be expected.
These results demonstrate the difference in recognition between the two c-di-GMP-binding aptamers and provide evidence that it may be possible to exploit this difference to selectively bind one aptamer over the other. The ability to selectively target one riboswitch could provide a useful tool for studying c-di-GMP signaling in organisms that use both classes of second messenger binding RNAs. Additionally, some organisms use only one type of riboswitch so an analog able to discriminate between the two classes could be used to selectively target one organism while not affecting RNA based signaling in others. Furthermore, structures of several protein targets of c-di-GMP have been determined and analogs may be designed that can differentiate not only between class I and class II riboswitches but also between RNA and protein receptors.
Materials and Methods
Materials. RNAs. The wild-type RNA sequence (Fig. S2 ) was cloned into a pUC19 vector using overlapping oligonucleotides. The T7 RNA polymerase promoter was placed immediately 5′ of the riboswitch sequence and the antigenomic hepatitis delta virus (HDV) ribozyme was cloned directly 3′ of the riboswitch sequence to generate homogenous 3′ ends. Mutations necessary for crystallization as well as those used for biochemical analysis were generated using site directed mutagenesis. All RNAs were in vitro transcribed using T7 RNA polymerase and after posttranscriptional HDV ribozyme cleavage were purified by 6% denaturing polyacrylamide gel electrophoresis (PAGE). RNAs were excised from the gel and eluted overnight in 300 mM NaOAc, pH 5.2 after crushing.
Cyclic-di-GMP. A modified diguanylate cyclase (tDGC) was purified and used to generate c-di-GMP enzymatically from GTP as described (32) . Briefly, 1 mM GTP was added every hour to 5 μM protein in reaction buffer (50 mM Tris, pH 7.5, 250 mM NaCl, 20 mM MgCl 2 ) in a total reaction volume of 10 mL for approximately 8 hours. A heavy white precipitate corresponding to pyrophosphate was observed. The protein was heat-denatured and removed and the supernatant was purified by reverse phase HPLC on a C18 column using a gradient from 100% 50 mM triethylammonium acetate, pH 6.0 to 10% acetonitrile over 30 minutes.
Methods. Crystallization. RNA (150 μM) was refolded in buffer (10 mM NaCac, pH 6.8, 10 mM MgCl 2 , 10 mM KCl) in the presence of 375 μM c-di-GMP. This complex was allowed to come to equilibrium and then was mixed in a 1∶1 ratio with well solution consisting of 13% PEG 8000, 200 mM MgðOAcÞ 2 , and 100 mM NaCac, pH 6.0. Crystals were grown at 25°C using hanging drop vapor diffusion and grew to maximum size in approximately 1-2 weeks. Crystals were frozen by equilibrating in mother liquor with the amount of PEG 8000 increased to 33% plus 150 μM c-di-GMP and then flash freezing in liquid nitrogen. For iridium hexammine soaks, crystals were transferred to freezing solution supplemented with 1 mM iridum hexammine and allowed to equilibrate for 4-5 hours prior to flash freezing.
Structure determination. Native and single-wavelength anomalous dispersion (SAD) datasets were collected at Brookhaven National Laboratory beamline X29A. Data were processed using HKL2000 (33) . The Matthew's coefficient suggested that there were two molecules present in the asymmetric unit. Native Patterson maps revealed a translational twofold noncrystallographic symmetry (NCS) axis between the two molecules. SIRAS phasing was performed using a native dataset and a SAD dataset with a R iso of 24%. The SHELX suite (through the hkl2map interface) was used to find four initial sites at a resolution cutoff of 3.2 Å (34). These sites were refined in MLPHARE (35) and initial phases were calculated. Difference Fourier methods were then employed to find additional sites. A total of 8 sites were included to produce the maps used for building. Density modification with twofold NCS averaging was performed with RESOLVE (36) . The resolution was extended to 2.5 Å during density modification. Model building was done in COOT (37) and refinement was performed in Refmac (38) . Figures were made using Pymol (39) .
Synthesis of the 2′-O-methyl c-di-GMP analog. Cyanoethyl phosphate protected 2′-O-methoxy guanosine phosphoramidite and the 3-(4,4′-dimethoxytrityloxy)-2,2-(dicarboxymethylamido)propyl-1-O-succinoyl-long chain alkylamino-CPG (3′-CPR II CPG) solid support were purchased from Glen Research. Synthesis was performed on solid-phase (2 μmol scale) as previously described with slight adaptations (40-42) (see SI Text).
Measurement of dissociation constants. Radiolabeled c-di-GMP was enzymatically synthesized as previously described (23, 43) and incubated with RNA in folding buffer containing 10 mM NaCac, pH 6.8, 10 mM MgCl 2 , and 10 mM KCl. Binding reactions were allowed to come to equilibrium at room temperature (approximately 21-23°C) and bound and free c-di-GMP were separated by native PAGE and data were quantified as reported previously (23, 24) . Competition experiments with the 2′-O-methyl c-di-GMP analog were performed under similar conditions, only the radiolabeled c-di-GMP and unlabeled competitor ligand were premixed before adding wild-type class II RNA or GUAA mutant class I RNA (24) to a final concentration of 25 nM. Data were fit to the following equation as previously reported (44) to determine the dissociation constant of the 2′-O-methyl analog:
where FB ¼ fraction bound; ½ÃcdiG ¼ 5 pM; ½Omethyl ¼ concentration of 2 0 -O-methyl analog; ½RNA ¼ 25 nM. In all cases, binding reactions were allowed to equilibrate for increasing amounts of time until no change in the final fraction bound was observed. This was approximately 1 hour for the wild-type class II sequence and mutants. For competition experiments, the class II RNA reached equilibrium after incubation overnight, whereas the class I RNA required a 48 hour incubation.
